Abstract WHO has released prescriptive child growth standards for, among others, BMI-for-age (BMI-FA), mid-upper arm circumference-for-age, and weight velocity. The ability of these indices to predict child mortality remains understudied, although growth velocity prognostic value underlies current growth monitoring programs. The study aims were first to assess, in children under 2, the independent and combined ability of these indices and of stunting to predict all-cause mortality within 3 mo, and second, the comparative abilities of weight-for-length (WFL) and BMI-FA to predict short-term (,3 mo) mortality. We used anthropometry and survival data from 2402 children aged between 0 and 24 mo in a rural area of the Democratic Republic of Congo with high malnutrition and mortality rates and limited nutritional rehabilitation.
Introduction
Child malnutrition is a particular concern in developing countries that affects millions of young children (1) . In the 1990s it was reported that 50% of all deaths in children younger than 5 y was attributable to malnutrition (2) . Recently, this estimate was updated to ;33% of all child deaths currently being attributable to malnutrition, which is still unacceptably high (3) . Malnutrition is thought to contribute to one-fifth of all disability-adjusted life-years lost worldwide for children younger than 5 y of age (4) .
Most studies looking at the relationship between anthropometric scores and child death have found that risk of death increases exponentially below Z-scores of 22. The anthropometric indices HFA 6 , WFL, and absolute MUAC all partly represent different aspects of nutritional status and also have partly independent survival-predicting abilities (5) . the WHO released the first prescriptive growth standards for children under 5. These included previously unavailable prescriptive standards for BMI-FA, MUAC-FA, and weight velocity over 1-, 2-, 3-, 4-, and 6-mo intervals, the latter for children aged 0-24 mo (6) (7) (8) (9) . It is important to study the functional validity of these new indices for identifying highrisk children in terms of future illness and death. Growthmonitoring programs are based on the implicit assumption that weight change is a better prognostic indicator for morbidity and mortality than attained weight, but this has not been previously shown. BMI-FA is a new type of height-adjusted, weight-based index, whose relationship with health-related outcomes may be somewhat different from WFL because of the different method of correcting for length/height and the additional adjustment for age.
An advantage of MUAC-FA over absolute MUAC may be that it more accurately represents the status of arm circumference in children younger than 9 mo. During this youngest age period, MUAC increases quickly (8) and the use of absolute MUAC does not take this normal growth into account. On the other hand, absolute MUAC's inherent bias to younger children could also have predictive advantages for mortality. The predictive abilities of BMI-FA and MUAC-FA in young children have received little attention in the literature until now and the possible independent predictive abilities of weight velocity also require further study. Our first specific aim was to assess the ability of current HFA, BMI-FA, MUAC-FA, and weight velocity in the past 3 mo, separately or in combination, to predict death from all causes within 3 mo in children aged 0-24 mo at first visit. The second specific aim was to compare the short-term (,3 mo) death-predicting abilities of WFL and BMI-FA in children younger than 24 mo.
Materials and Methods
Study sample and measurements. The data used for this analysis were collected in August 1989-March 1991 in the health zone of Bwamanda, a deep rural area in the north of the Democratic Republic of Congo, where child malnutrition was very prevalent and nutritional rehabilitation efforts limited. The methods used in this study have been described before (10, 11) . In brief, 5657 children under 5 years of age, representative of the wider Bwamanda area, were enrolled in a dynamic population study. Six trimestral surveys were done, the first at the end of the rainy season in 1989 and every 3 mo after this until March 1991, which were all carried out at special under-5 clinics and home visits. The present analysis uses all available data from 2402 children aged 0-24 mo old at their first visit. There were 89 deaths, of which 57 occurred within 3 mo of the previous visit. The present analysis was restricted to children younger than 24 mo, because prescriptive weight velocity references are only available up until that age.
Monitoring of survival. Vital status was monitored actively every 3 mo during follow-up by home visits and through information from local health centers. When a child died, the parents were asked about the date of death and causes of death were tentatively assessed by verbal autopsy using strict case definitions verified and complemented by medical records from the registers of hospitals and health centers, with primary and secondary causes recorded. Due to political trouble, follow-up was interrupted in April 1991, but in April 1992 a special mortality survey was done to register additional deaths since April 1991 using the same verbal autopsy and medical records methods as previously. In some instances, the death of a child could be traced only via interview of neighbors. This happened when entire families had emigrated. The special mortality survey made it possible to use data from the last anthropometric assessment round in April 1991 in the analysis of 3-mo mortality. In the total sample, 246 children aged ,5 y died during follow-up (10) . None of the deaths were related to political violence or conflict.
Age and anthropometric measurements. Age was determined by using the birthdate as noted on the "road to health" chart of the child and on the parents' identity papers. This information was available for ;90% of the children. For the remaining ones, birthdates were determined by a careful interview of the mothers using a local events calendar. Anthropometric measurements included length, height, weight, and MUAC. This was carried out by well-trained anthropometrists, using a locally made length board, a height microtoise (CMS), both reading to the nearest millimeter, spring weight scales (CMS) to the nearest 100 g, and steel tape measures (Stanley) for MUAC measurement, with a precision of 0.1 cm.
Anthropometric scoring. The anthropometric indices used in the present analysis were HFA as a measure of linear dimension, BMI-FA as a measure of body mass, MUAC-FA as a measure of muscle and s.c. fat status, and weight velocity as a general measure of recent trend in nutritional status. The WHO child growth standards and associated SPSS macros were used for calculating Z-scores for HFA, MUAC-FA, and BMI-FA (7) (8) (9) 12) . Weight increment values between the first and second contact were linearly extrapolated to the exact target interval of 3 mo. We developed an SPSS syntax macro for calculating Z-scores for weight velocity (available from the first author upon request). In developing that macro, we followed the Z-score calculation algorithm suggested by the WHO (9) . The WHO-proposed algorithm, however, does not provide for Z-score calculation in instances when the weight increment is very low (lower than 2D) and we had to incorporate into the macro an adjustment to allow Z-score calculation in those cases.
Ability of chosen indices to predict death from all causes. For the first part of this analysis (specific aim one), the start of follow-up was set at the second contact with the child to ensure that weight velocity in the past 3 mo could be handled as a predictor variable along with the anthropometric status variables. Short-term mortality was defined as deaths within 3 mo after measuring anthropometry. Multiple, 3-mo risk periods were included per child. The Z-scores of HFA, BMI-FA, MUAC-FA, and weight velocity were categorized into 3 classes each ($ 22, 23 to 21.99, and , 23) based on the commonly used cutoff points to grade the severity of nutritional deficit. The category of Z-scores . 22 was considered the reference category. Children were followed for 3 mo after their final visit.
We used a time-dependent Cox proportional hazards model for mortality using levels measured at the start of each 3-mo observation period. The time-dependent analysis allows the anthropometric values to vary with time and accounts for correlation between repeated measurements on the same child. To calculate the AUC, we first ran a multiple logistic regression. The AUC uses the predicted risks for the logistic model. Because the predicted risks were not affected by the correlation between repeated measurements on the same individual, we did not allow for correlation when reporting AUC results. In the univariate models, we determined separate HR for each index category (Z-score categories 22 to 23 and , 23) compared to the reference category (Z-score category $ 22) for HFA Z-score, BMI-FA Z-score, MUAC-FA Z-score, and weight velocity Z-score. A further model determined the HR after including all the index category variables (HFA, BMI-FA, MUAC-FA, and weight velocity) in a multivariate analysis. Values in the text are mean 6 SD unless otherwise noted. In a final multivariate model, age was also added as a continuous covariate. All reported P values are 2-sided and 95% CI were calculated for the HR.
Comparative mortality-predicting abilities of WFH and BMI-FA. For this analysis, the start of follow-up was set at the first contact with the child (because weight velocity was not included in this analysis). Again, several trimestral risk periods per child were studied. First, using restricted cubic splines, we modeled the probability of death within 3 mo (short-term mortality) of the previous visit as a function of BMI-FA and WFL Z-score. This was done to explore the potential for differences in predictive ability and to document the shapes of the relationships with mortality risk in view of possible prediction-enhancing variable transformations. To compare the predictive ability of WFL and BMI-FA, we then compared the AUC of various logistic regression-based prediction models (using several 3-mo risk periods per child), which were equally parsimonious and differed only by whether the BMI-FA Z-or the WFL Z-score was added as a measure of wasting status. The other variables represented age, sex, and stunting. For analysis, we used the SPSS version 16 software (13) and Stata 11 software (14) . 
Results
The total number of children included in the main analysis at baseline (first visit) who had a second visit (necessary to calculate weight gain and velocity) was 2402 (1224 boys and 1178 girls) ( Table 1) . Their age at baseline was 8.7 6 7.5 mo and at the second visit, 11.9 6 7.3 mo. Of these children, 57 died during Nutritional status and child mortality 521 follow-up (2.3%). Of the 2402 children, 51% had 5 visits (risk periods), and 13, 11, 11, and 14% had exactly 4, 3, 2, and 1 visit (s), respectively. The median follow-up time was 15 mo. To characterize baseline nutritional status, we describe the distribution of Z-scores of WFL, HFA, BMI-FA, MUAC-FA, and 3-mo weight velocity (Table 1) . Compared with a reference population of healthy children, there was suboptimal growth, as evidenced by an important left shift in the entire distributions of HFA, MUAC-FA, and weight velocity Z-scores. Low 3-mo weight velocity seems to be much more frequent in the first year than in the second year of life.
From the results of a univariate Cox regression analysis and an age-adjusted Cox analysis of all-cause mortality as a function of Z-score categories ( Table 2) , severe stunting (HFA Z-score , 23), both low BMI-FA categories (Z-score , 22 or , 23), very low MUAC-FA (Z-score , 23), and both 3-mo weight velocity categories (Z-score , 22, Z-score , 23) were associated with significantly increased mortality hazards compared with the reference category. The highest HR point estimate was in children with BMI-FA , 23 Z-scores (HR = 9.11).
Results of the multivariate Cox regression analysis, again without and with age adjustment, indicated that, in the full model without age, very low weight velocity (Z-score , 23; P = 0.001) was independently related to risk of dying within 3 mo. Very low BMI-FA (Z-score , 23; P = 0.04) just reached the significance level. When data were age adjusted, similar P values were obtained for the same variables ( Table 3) .
The absolute risk of death within 3 mo as a function of WFH Z-score or BMI-FA Z-score, smoothed by restricted cubic splines, in the children-under-2 analysis used data from 2630 children, of whom 109 (4.1%) died within 3 mo of their final visit (Fig. 1) . Due to missing data for WFL and BMI-FA, the final number of observations included in Figure 1 fell from 2630 to 2583. Both risk curves were similar and only slightly diverging at the lower end of the Z-score range. This shows that there is little potential for differing predicting abilities of the two variables. Both curves indicated that risk was constant for Z-scores . 22, whereas , 22, it continuously increased to a risk of ;20% at a Z-score of 24. When curves were constructed for risk of death within 12 mo (not shown; 2630 children with 153 deaths), there was again a great similarity between the two alternative indices.
The results of the ROC curve analyses based on prediction models derived from logistic regression of short-term mortality (death in #3 mo) on sets of predictor variables that include either WFL or BMI-FA Z-score (Table 4) show that there is little difference between the AUC of the alternative multivariate prediction models considered. ROC curves including 2033 children (2402 originally, but the number decreased due to missing data for HFA, BMI-FA, MUAC-FA, and weight velocity) of the different models display an association between death and the differing indices, but no difference in the respective predictive abilities could be shown (Fig. 2) .
Discussion
This study of the relationship between nutritional status and risk of death in young children used historical data from a large longitudinal study in a rural African area carried out when the HIV/AIDS epidemic had not yet exerted a considerable impact on child mortality. In this area (Bwamanda), we previously showed that diarrheal diseases made a relatively minor contribution to child mortality compared to their overwhelming MUAC-FA, mid upper arm circumference-for-age. 2 Age adjustment refers to assessing the effects of predictors independent of age. 3 Weight velocity-for-age refers to 3-mo weight velocity. Nutritional status and child mortality 523
influence on child mortality in many Asian and other lowincome countries (10) . This paper thus presents evidence on the relationship between nutritional status and death that is only marginally affected by the reverse effect of HIV/AIDS and diarrheal diseases on nutritional status. To address these types of questions, the WHO Child Growth Standards (7-9) constitute tools for nutritional assessment of considerably improved intrinsic validity compared with previously recommended growth references (6, 15, 16) . With the publication of the new standards came the need to reevaluate previous assessments of the relationship between nutritional status and mortality. This implies not only comparing old and new results obtained with the same anthropometric indices but also exploring the prognostic validity for mortality risk of the indices MUAC-FA, BMI-FA, and weight velocity, all of which were previously unavailable as international prescriptive standards for very young children (17) . This paper addressed the latter issues and provides an exploration of whether BMI-FA and WFH could be used interchangeably or whether, instead, they have significantly different relationships with mortality. In Bwamanda, general malnutrition was frequent as exemplified by high rates of severe stunting, underweight, and wasting, (18) but, as highlighted, the undernutrition process affects the whole population, with important left-shifts in the entire distribution of especially HFA, MUAC-FA mostly acquired in the first year of life, and low, 3-mo weight velocity most frequent in the first year ( Table 1) . The first year also has the highest mortality and in the present analysis as well as in previous analysis (19) , young age was shown to be the strongest predictor of death. Age is related to health outcomes, because it represents postnatal changes in constitution and constitution 3 environment interaction as well as change in body composition (20) . Thus, part of the effect of young age in this study passes through it, representing the period of highest intensity of undernutrition compared with older age. Yet our age-adjusted analyses (Table 3 ) and multivariate regression analyses (Table 4) showed that even in models that include both age and the various anthropometric indicators of nutritional status, age is still the most powerful predictor of mortality. This can best be interpreted as a combination of: 1) younger age representing mortality-influencing susceptibilities that are partly independent of nutritional status, e.g., perhaps susceptibility to the effects of infections; 2) anthropometry incompletely characterizing nutritional status, which is certainly the case (11, 19) ; and 3) younger age is associated with a different body composition, mainly low muscle mass compared to total body weight, which compounds the effect of malnutrition. At a young age, a similar anthropometric deficit may carry higher vital risk, because muscle energy and protein reserves, which are key to survival, represent a smaller proportion of total body weight and thus may reach critical levels more easily (20, 21) .
In univariate analysis Z-scores for HFA, BMI-FA, MUAC-FA, and weight velocity , 23, all carried excess mortality, without and with adjustment for age ( Table 2 ). The highest HR was in children with BMI-FA , 23 Z-scores. BMI-FA and weight velocity were also the only variables for which the intermediate Z-score class of 22 to 23 was associated with increased 3-mo mortality. This reinforces previous findings (using the WHO-National Center for Health Statistics (NCHS) references) that only severe malnutrition indicators (Z-score , 23 threshold) carried significant excess mortality in the Bwamanda area, except for an increase associated with mild to moderate wasting as indicated by WFH 23 to 22 Z-scores (10) .
Interestingly, in the multivariate Cox analysis (Table 3) , only low weight velocity Z-score in the past 3 mo was an independent predictor of 3-mo mortality both without and with age adjustment, and this was restricted to the 23 Z-score class in weight velocity. Our findings are in contrast with Briend and Bari (22) , who found little predictive value of recent weight velocity in Bangladesh. We speculate that this difference may be due to our use of the new WHO weight increment standards, whereas Briend and Bari used raw, untransformed weight velocity. This suggests that growth-monitoring programs should 1 Values are from 0 to 1 for AUC (95% CI) using logistic regression analysis. BMI-FA, BMI-for-age; HFA, height-for-age; WFL, weight-for-length. 2 Binary variables for mild to moderate stunting (HFA Z-score 23 to 22) and for severe stunting (HFA Z-score , 23) according to WHO-2006 child growth standards (7).
FIGURE 2 ROC curves for the models: age, gender, stunting categories; age, gender, stunting categories, BMI-FA; age, gender, stunting categories, WFL; for short-term mortality (death in ,3 mo), in 2033 children ,2 y in Bwamanda, Democratic Republic of Congo, 1989 Congo, -1990 . BMI-FA, BMI-for-age; ROC, receiver operating characteristic; WFL, weight-for-length.
take into consideration the new growth velocity standards when defining critical values of low weight gain requiring action.
The way growth monitoring is performed in many settings already involves measurements of weight gains. There is a natural interest of parents and primary care workers in weight gains. There is a lack of guidelines to score and interpret these weight gains and, as a result, the direction of the child's growth curve is often just checked by eye. Operational research should focus on the efficacy and acceptability of various methods of using the WHO growth standards, including those relying on electronic tools.
The optimum interval for growth assessments in different age ranges and different contexts is not known and should be assessed. Also, the significance of growth velocity patterns in relation to velocity in the previous periods is not known. However, the interpretation and use in programs of the longitudinal growth pattern over successive time intervals may be challenging.
In conclusion, very low recent weight velocity (i.e., recent weight loss in most cases) represents the wasting process and this tends to be more closely (and independently) related to risk of death than indicators of wasting status such as low BMI-FA. Whether indicators of muscle-wasting status have an additional small effect is possible. We did not have the statistical power to detect small effects. When comparing the prognostic validity of WFH and BMI-FA, we were unable to provide evidence for the existence of a difference between the two.
